The double-drift beam bunching system consists of two bunchers that are separated in space, independently driven but phase-locked together. The second buncher to be encountered by the beam is driven at twice the frequency of the first. This system offers an attractive alternative to conventional one-and two-frequency systems since it's bunching efficiency is about twice that for a single frequency system and about 25% larger than that for a two-frequency system in which both harmonics are imposed on the same electrode. The independence of the two bunchers provides for greater ease in the adjustment and stabilization of the rf anmlitudes and plhase to the accuracy of ±1% and ±0.50 that is required. A double-drift system, designed to operate at 4.5 to 14 MHz, has been installed on the ORNL EN-tandem and evaluated using 160, 32S 58Ni, and 63Cu ion beams. Performance was in close agreement withl predictions; about 60% of the dc bean was bunched into a phase angle of 60 of the fundamental frequency. A brief discussion of the principles of operation, predicted performance and practical design considerations are given. Results of a theoretical study of the dynamic focussing effects and energy-modulation imperfections of ungridded klystron bunchers are presented as approximate fornulas.
Introduction
Since the subject of beam bunching has been reviewed by several authors,1-3 we will give only a brief summary of scome of the fundamental aspects. The function of most beam bunchers in use today is to modulate the dc beam velocity in such a way that portions of the beam initially separated in space and time are made to arrive at the target (point of timefocus) at nearly the same time. The beam energy spread intrinsic to the ion source opposes the action of the buncher and leads to a spreading of the bunch. Consider a beam of average energy EO with intrinsic energy spread AES. Let ATO represent the length (in time) of the beam segment to be bunched, AEO the energy modulation imposed by the buncher and ATB the length (in time) of the final bunch. Liouville's theorem leads to the relation, AEO-ATB > AES*ATO .
(1)
It is easily shown3 that the energy modulation required for the bunching of non-relativistic particles in field free space is given by, AEBC = EO[(T/(T+ATOC))2-l] (2) where T is the time required for a particle of energy EO to travel from the buncher to the target and AEOi is the energy required to time-focus a particle i which is initially displaced from the center of the bunch by an amount of time ATOi. If ATO << T, as is often the case, an almost linear energy modulation function is required. That is, AEOiC -2EO-ATOi/T (3) If we require a final bunch width that is no greater than ATB max we find (by imposing (1) and (3)) that the maximum drift time Tmax is given by,
The time T required for a particle of mass M and initial energy EO to traverse a uniform accelerating region of length L is given by
where Ef denotes the final energy. The change in transit time per unit change in initial energy is given by, dT/dEO = -L(M/2) (EOB C + Ef ½2)/(EOC + Ef2)2. (6) As an example, assume that a 0.1 MeV beam traverses a buncher, a) drifts 1im, b) is accelerated to 5.1 MeV in a distance of 4m, is stripped to charge state +4, c) drifts 2m, d) is accelerated to 25.1 MeV in a distance of 4m, and e) drifts 30m to the point of tinme focus. An application of (S) and (6) shows that the fraction of the total transit time spent in regions a) through e) is 22, 22, 6, 8, and 42%, respectively while the fraction of the total time compression occurring in these regions is 86.6, 11.9, 0.5, 0.3, and 0.7%. Thus, for design considerations, one should use an effective drift time which is about 14% larger than that associated with region a).
The type of buncher most commonly used in conjunction with electrostatic accelerators is a klystron that consists of three coaxial cylinders separated by two gaps. The cylinder on either end is grounded and the central elemLent is driven sinusoidally at a radio frequency (rf) in the range of X 4-20 MIz. The length of the driven element should be such that a beam particle traverses the distance between the gaps in about 1/2 (or possibly 3/2) of the rf period. Particles which traverse the first gap while the central element is driven positive will traverse the second while it is driven negative (and vice versa) and thus receive the same acceleration at both gaps. The ends of the cylinders adjacent to the gap are often equipped with grids which produce an axial field which varies little with radius and is confined to the region within the gap.
Only about 20-30% of the sinusoidal waveform is sufficiently linear to produce bunching of the quality usually required. Two or more frequencies may be mixed to produce a waveform which is linear over an extended range.4 A buncher so driven is called a harmonic buncher. A variation of the harmonic buncher is the double-drift buncher5-7 which actually consists of two bunchers; the first driven at a frequency fl and the second (located downstream from the first) driven at 2fl. The fraction of the total dc beam that can be bunched into a given rf phase angle is shown in Fig. 1 The Double-Drift Buncher
Figs. 2 and 3 illustrate the operation of the double-drift buncher. The beam encounters buncher-l, is somewhat "overmodulated" and drifts to buncher-2 where the modulation is "corrected". Since some bunching has already tak;en place when the beam encounters the second buncher, a larger fraction of the beam can be effectively corrected than would be possible if no drift space had been provided.
A numerical study, in which each buncher is assumed to be composed of a single perfect gap, has been carried out to determine how the system performance varies with buncher separation. Figure 4 presents the maximm beam utilization efficiency as a function of the ratio of buncher separation to total drift distance. Curves are given for rf phase acceptance angles of ±3°, ±60, and ±120 of the fundamental period. Ratios of the rf amplitude for buncher-2 to that of buncher-l (AMP2/AMPl) are also shown. The sudden decrease in efficiency that occurs immediately following each curve maximum is not to be interpreted as an "'observable catastrophe" but is simply an indication that the final bunch width has become larger than that specified as acceptable. Note that a separation of zero corresponds to the conventional two-harmonic buncher. A double-drift bunching system (illustrated in Fig. 5 ) has been installed on the EN tandem accelerator. The system is designed to operate over a frequency range of 4.5 to 14 MHz and will eventually be used to produce bunched beams fronm the ORNL 25-MV Pelletron for injection into the ORIC.8 Tests have been conducted with four ion beams (160, 32S, 58Ni, and 63Cu at 22.5, 25, 20, and 30 MeV, respectively) with observed results very close to those predicted. Beam pulses were detected with a capacitive pickup unit (CPU) and a 50n coaxial Faraday cup and were observed with a sampling oscilloscope. In the case of the 160 beam a time-to-amplitude converter (TAC) spectrum was obtained by using timing pulses derived from the CPU and a plastic scintillator that detected Coulomb excitation y rays produced in the stainless steel beam stop of the coaxial cup. Pulses from the CPU and the coaxial cup were amplified by wide-band preamplifiers (HP-8447F, gain = 48db) prior to being fed into the time-pickoff unit (ORTEC-260) and the oscilloscope.
The use of such equipment enables one to easily observe pulses with average beam currents as small as 50 to 75 electrical nA (enA).
Pulse widths (FWHM) of about 1.2, 1.6, and 1.1 nsec were observed with the sampling oscilloscope for the beams of 160, 32S, and 58Ni, respectively. The 63Cu beam was too weak (less than 10 enA) for an . 4 ). The field-free drift disstance (130 cm) between bmcher-l and the accelerator has been increased by 15% to account for the effect of the remaining accelerating and drift regions. Fig. 4 shows that for X12/XT = 0.17, the theoretical maximum efficiency for bunching into ±3°is 70%. An application of Eqn. (3) shows that an energy modulation of about 11 keV is required to bunch 70% of the 160 beam with a fundamental frequency of 8 Mlz and an injection energy of 90 keV (our operating parameters). If an intrinsic energy spread of 40 eV is assumed for the sputter source used, we find (using Eqn. (1)) a time spread of about 0.35 ns which should (when sumned in RMS) increase the observed width by less than 5%. The finite time resolution of the pulse detection system probably contributed a similar amount. In order to realize the theoretical performance of the double-drift system, an amplitude stability of about ±1% and a phase stability (between the two bunchers) of about ±0.50 is required. Since about 15 minutes was required to accumulate the TAC spectra and no stabilizing circuitry was employed, some degradation in the observed efficiency probably occurred. Finally, the use of ungridded bunchers whose lengths were 6 and 3 cm and diameters were about 2 cm undoubtedly contributed a small amount to the degradation of perfornance (see the following section for more details) although a meaningful estimate cannot be made since we were not able to measure the beam diameter at the location of the bunchers. particles which arrive at the center of the buncher at 900 (diverging for negative ions) and 2700 (converging for negative ions). As an example, let EO = 100 keV, AVO = 3 kV, D = 2 cm, L = 6 cm, X = 12 cm, VEF = 0.9, and L(deg.) = 1800. By using Eqn. (8) Fig. 7 and Fqns. (7) and (8) 
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